Purpose: To apply flow distribution analysis in the entire aorta across a wide age range from pediatric to adult subjects. Material and Methods: In all, 98 healthy subjects (age 9-78 years, 41 women) underwent 4D flow MRI at 1.5T and 3T for the assessment of 3D blood flow in the thoracic aorta. Subjects were categorized into age groups: group 1 (n 5 9, 5 women): 9-15 years; group 2 (n 5 13, 8 women): 16-20 years; group 3 (n 5 27, 14 women): 21-39 years; group 4 (n 5 40, 11 women): 40-59 years; group 5 (n 5 9, 3 women): >60 years. Data analysis included the 3D segmentation of the aorta, aortic valve peak velocity, mid-ascending aortic diameter, and calculation of flow velocity distribution descriptors (mean, median, standard deviation, incidence of velocities >1 m/s, skewness, and kurtosis of aortic velocity magnitude). Ascending aortic diameter was normalized by body surface area. Results: Age was significantly associated with normalized aortic diameter (R 5 0.73, P < 0.001), skewness (R 5 0.76, P < 0.001), and kurtosis (R 5 0.74, P < 0.001), all adjusted by heart rate. Aortic peak velocity and velocity distribution descriptors, adjusted by heart rate, were significantly different between age groups (P < 0.001, analysis of covariance). Skewness and kurtosis significantly increased (P < 0.001) during adulthood (>40 years) as compared with childhood (<21 years). Men and women revealed significant differences (P 0.05) for peak velocity, incidence, mean, median, standard deviation, and skewness, all adjusted by heart rate. Conclusion: Aortic hemodynamics significantly change with age and gender, indicating the importance of age-and gender-matched control cohorts for the assessment of the impact of cardiovascular disease on aortic blood flow. Level of Evidence: 3 Technical Efficacy: Stage 5
B
lood flow is essential to understand the pathophysiology and development of cardiovascular diseases caused by altered aortic hemodynamics in adults and children. [1] [2] [3] [4] [5] [6] [7] Timeresolved 3D phase-contrast magnetic resonance imaging (MRI) with three-directional velocity encoding (4D flow MRI) has been successfully applied for the analysis of altered hemodynamics in cardiovascular disease. [8] [9] [10] 4D flow MRI data analysis is time-consuming and the inherent volumetric 3D coverage is often not fully utilized by analysis based on 2D planes. [11] [12] [13] Recently, statistical distribution analysis of blood flow velocity magnitude has been developed to overcome these limitations by providing an efficient workflow that exploits the full volumetric coverage and detects changes in vascular hemodynamics.
higher in women. 24, 25 Recent studies reported a positive association between aortic peak systolic velocity with age without significant differences between men and women. 26, 27 In addition, left ventricular flow patterns related to age and gender showed significant differences. 28 Nevertheless, the age-and gender-dependence of blood flow velocity within the thoracic aorta are not well characterized in healthy subjects. A systematic statistical distribution analysis of blood flow velocity across a wide range of ages, from childhood to adulthood, may provide a better understanding of cardiovascular diseases. The aim of this study was to systematically apply statistical distribution analysis of 4D flow MRI derived velocity magnitude (speed) throughout the entire volume of the thoracic aorta across gender and a broad range of ages, spanning from pediatric to adult.
Materials and Methods

Study Population
For this study, 98 healthy subjects (age 5 38 6 17 years, age range 5 9-78, women 5 41) were enrolled. All subjects underwent 4D flow MRI between 2012 and 2015 based on an Institutional Review Board (IRB)-approved protocol in aortic valve diseases allowing the recruitment of healthy volunteers. Informed consent was obtained from all participants. Data from all healthy subjects were retrospectively collected and analyzed. From the collected data, 20 subjects had repeated studies within 1 month (n 5 9), 1-3 months (n 5 5), and 3-6 months (n 5 6). Repeated studies were used to assess the repeatability of velocity distribution descriptors. Exclusion criteria, based on subject interview before the enrollment, included: any evidence of cardiac disease, hypertension, ECG abnormality, and any evidence of atherosclerotic disease. Further examinations to confirm health condition were not conducted. Each subject was categorized into one of five age groups: group 1 (n 5 9, 5 women): 9-15 years; group 2 (n 5 13, 8 women): 16-20 years; group 3 (n 5 27, 14 women): 21-39 years; group 4 (n 5 40, 11 women): 40-59 years; group 5 (n 5 9, 3 women): >60 years.
MRI
Image acquisition was performed at 1.5T (n 5 60) and 3T (n 5 38) using Magnetom Espree, Avanto, Aera, and Skyra systems (Siemens Medical Systems, Erlangen, Germany). 4D flow MRI was acquired in a sagittal oblique 3D volume covering the thoracic aorta with prospective ECG-gating and a respiratory navigator. 29 Pulse sequence parameters for all subjects were as follows: spatial resolution 5 1.6-2.5 3 1.6-2. 
Data Analysis
4D flow MRI data (Fig. 1A) were corrected for eddy currents, Maxwell terms, and velocity aliasing using a custom-built software programmed in MatLab (MathWorks, Natick, MA). 30 A 3D phase contrast MR angiogram (PC-MRA) (Fig. 1B) was computed for each subject using the preprocessed 4D flow MRI data as previously described. 29 The 3D PC-MRA was segmented (Mimics, Materialise, Leuven, Belgium) to obtain a 3D volume of the thoracic aorta (Fig. 1C ) which was used to compute a masked 4D velocity field (three spatial dimensions 1 time). A velocity magni-
was generated in an oblique sagittal plane, averaged over three cardiac time frames centered on peak systole (Fig. 1D) . Peak systole was defined as the time frame in the cardiac cycle where the velocity magnitude average over the entire volume of the thoracic aorta was maximal. Aortic peak velocity was measured from the velocity magnitude MIP downstream from the aortic valve at the vena contracta region (where the transvalvular velocity reaches its maximum during peak systole). Statistical distribution analysis was performed for each subject by calculating velocity magnitude histograms from all voxels and cardiac time frames and normalized by the total number of voxels within the volume 14, 16 (Fig. 1E) . The aim was to create a subject-specific velocity magnitude histogram that can be compared across subjects and cohorts (ie, age and gender groups). Velocity magnitude histogram descriptors including mean, median, standard deviation, skewness, kurtosis, and the relative number occurrences of aortic voxels >1 m/s (incidence, in percent) were calculated for each subject. Skewness provided a measure of velocity distribution asymmetry: a negative skew can be translated as the mass of the distribution concentrated on the right side of the distribution (ie, higher velocities); a positive skew represents then the concentration of mass on the left side of the distribution (ie, lower velocities). Kurtosis provided a measure of velocity distribution shape; higher kurtosis (>2) is the result of extreme velocity deviations (ie, large velocity outliers). Velocity magnitude distribution descriptors, aortic peak velocity, and aortic diameter were summarized using spider plots with the purpose to visually compare averaged and standard deviation values between groups. The maximum mid-ascending aortic diameter was identified and extracted using multiple equidistant sampling planes along a volume centerline (Fig. 1F) . 11, 26 Centerline nodes were used to create analysis planes perpendicular to the vessel for the calculation of diameter, assuming a circular area. Angulation was verified by the dot product between the centerline node vector and the analysis plane vector. Aortic diameter was normalized by body surface area (BSA) (ie, BSA5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðWeight3HeightÞ=3600 p ). 31 A sensitivity analysis was conducted to identify which fractions of the velocity magnitude distribution (number of time frames and top percent of velocity magnitude) were more sensitive to differences between all groups. 14, 16 This analysis consisted of a statistical assessment covering the full range of velocities within the segmented volume over all time frames for all parameters included in the spider plots. For our study, sensitivity analysis led to include velocity magnitude from all voxels (ie, 100% of top velocity magnitude) within the first 8 time frames to compare between groups.
Statistical Analysis
All continuous data were presented as mean 6 standard deviation. A Shapiro-Wilk test was used to evaluate distribution normality for measured parameters. To compare age, height, weight, gender, aortic diameter, and velocity magnitude distribution descriptors between defined age groups, a one-way analysis of variance (Gaussian distribution) or Kruskal-Wallis (non-Gaussian distribution) was performed (P < 0.05 was considered significant). If these tests determined a significant difference between groups, multiple comparisons were performed using Tukey's post-hoc test (Gaussian distribution) or Mann-Whitney test (non-Gaussian distribution) to prevent alpha error accumulation. For comparison between gender groups, an independent-sample t-test (Gaussian distribution) was performed (P < 0.05 was considered significant). Comparisons between groups adjusted to heart rate were performed using stratified Mann-Whitney test or analysis of covariance (ANCOVA) by including heart rate as a confounding factor in the test as a covariate. Bonferroni correction was used to adjust for multiple comparisons and the differences were considered significant if P < 0.01. The associations between velocity magnitude distribution descriptors and age were assessed by linear regressions analysis. A square root regression fit was also applied between normalized aortic diameter and age based on the assumption that vascular and valve diameters are linearly related to the square root of BSA. 32 A multivariate linear regression was performed to assess the association between age or normalized aortic diameter with aortic valve peak velocity, and velocity distribution descriptors adjusted by heart rate. The regression model was generalized to include heart rate as a confounding factor. A repeatability test for 20 subjects was evaluated using Bland-Altman analysis for all velocity distribution descriptors. Percentage of absolute error was defined by dx5 jx02xj
x . Statistical analysis was performed with SPSS 17 (Chicago, IL).
Results
Patient Characteristics
The demographics of the study groups are summarized in Table 1 . Age groups showed significant differences (P < 0.001) for age, height, weight, BSA, and normalized aortic diameter. Subjects in group 4 (40-59 years) were taller and had larger body weight compared to the other groups. Group 3 (20-39 years) had a larger portion of women (55%). Normalized aortic diameter was smaller in group 1 (9-15 years) as compared with group 4 (>60 years) (9.6 6 1.2 mm vs. 18.5 6 1.4 mm, P < 0.001). When comparing gender groups, men who were older subjects showed higher values for age (P 5 0.029), height, weight, and BSA (all three P < 0.001). 
Velocity Magnitude Distribution Analysis:
Influence of Heart Rate From velocity distribution descriptors mean (R 5 20.228, P 5 0.028), median (R 5 20.231, P 5 0.026), and skewness (R 5 0.261, P 5 0.012) showed significant correlation with heart rate. Velocity magnitude distribution descriptors were adjusted to heart rate for assessing mutual dependence.
Influence of Age VELOCITY MAGNITUDE HISTOGRAMS. The velocity magnitude distribution analysis was successfully performed in all subjects. Examples of individual velocity magnitude MIPs illustrate the aortic velocity patterns for each age group ( Fig. 2A) . Averaged velocity magnitude distribution histograms for each age group are shown in Table 2) . Histogram skew was displaced to the positive direction (right) across age groups, from 20.15 in group 1 (9-15 years) to 1.45 in group 5 (>60 years). Similarly, histogram kurtosis evolved from platykurtic (flat) to leptokurtic (thin) across age groups, from 20.67 in group 1 (9-15 years) to 3.35 in group 5 (>60 years). CORRELATION WITH AGE AND NORMALIZED AORTIC DIAMETER. Linear regressions between all velocity magnitude distribution descriptors adjusted by heart rate and age are summarized in Table 3 . Figure 4 shows the most significant regression plots with age without heart rate adjustment.
Notice that a square root fit between normalized aortic diameter and age (R 5 0.70, P < 0.001, Fig. 4A ) provided better physiological trends as a function of age. For velocity magnitude distribution descriptors, the two most prominent associations with age were given by skewness (R 5 0.77, P < 0.001, Fig. 4B ) and kurtosis (R 5 0.76, P < 0.001, Fig.  4C ). Both skewness and kurtosis remained the most prominent associations after adjusting by heart rate ( Table 3) . Table  4 summarizes the linear regressions between all velocity magnitude distribution descriptors adjusted by heart rate and normalized aortic diameter. Most significant associations were obtained from skewness (R 5 0.63, P < 0.001), median (R 5 0.56, P < 0.001), and kurtosis (R 5 0.54, P < 0.001).
VELOCITY MAGNITUDE DISTRIBUTION AND SPIDER
PLOTS. Spider plots provided a visual summary of comparing age groups (Fig. 5A ). Significant differences between age groups were observed for all parameters (P < 0.001 using ANOVA). Intergroup comparisons showed significant differences (P < 0.05 and P < 0.001) between age groups for peak velocity, normalized aortic diameter, and skewness ( Fig. 6A-C) . Aortic peak velocity measures observed in group 3 (21-39 years) (1.07 6 0.18, Fig. 6A ) were 19% and 25% lower than group 1 (9-15 years) and group 5 (>60 years), respectively. Normalized aortic diameter significantly increased over age (P < 0.001, Fig. 6B , Table 1 ) from group 1 (9-15 years) and 2 (16-20 years) to groups 3-5 (>21 years). Skewness and kurtosis had similar changes in older groups 4 (40-59 years) and 5 (>60 years). After adjusting by heart rate, similar significant differences between age groups were observed for all parameters (P < 0.001 using ANCOVA, Table 5 ). 
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Velocity Magnitude Distribution Analysis: Influence of Gender VELOCITY MAGNITUDE HISTOGRAMS. Individual examples of the velocity magnitude MIPs, from a 35-year-old man and a 34-year-old woman, illustrated gender differences in aortic velocity patterns (Fig. 2B) . Averaged velocity magnitude histograms (Fig. 7) showed that men had greater skewness (0.59 6 0.73 vs. 0.24 6 0.50, P 5 0.010), and kurtosis (0.99 6 1.81 vs. 0.07 6 1.34, P 5 0.007) compared to women.
CORRELATION WITH AGE AND NORMALIZED AORTIC
DIAMETER. Normalized aortic diameter showed strong linear association with age for men (R 5 0.72, P < 0.001) and for women (R 5 0.71, P < 0.001). A square root fit between normalized aortic diameter and age resulted in a similar association for men (R 5 0.73, P < 0.001, Fig. 4A ) and women (R 5 0.70, P < 0.001) subjects. Regressions for skewness and kurtosis were higher for women than men subjects (R 5 0.79, P < 0.001 vs. R 5 0.77, P < 0.001, Fig.  4B ; and R 5 0.78, P < 0.001 vs. R 5 0.75, P < 0.001, Fig.  4C ). Most significant associations between all velocity magnitude distribution descriptors and normalized aortic diameter were obtained from skewness (r 5 0.59, P < 0.001), median (r 5 20.54, P < 0.001) and mean (r 5 20.49, P < 0.001) in women and from skewness (r 5 0.64, P < 0.001), kurtosis (r 5 0.60, P < 0.001), median (r 5 20.55, P < 0.001), and mean (r 5 20.52, P < 0.001) in men. Most significant associations between all velocity distribution descriptors adjusted by heart rate and age or normalized aortic diameter were summarized in Tables 3  and 4 , respectively. 
VELOCITY MAGNITUDE DISTRIBUTION AND SPIDER
PLOTS. Spider plots (Fig. 5B ) showed significant differences between gender groups for aortic peak velocity, skewness, and kurtosis (P 0.05). Gender group comparisons using boxplots (Fig. 8) showed a better depiction of gender groups' differences for aortic peak velocity, skewness, and kurtosis. Aortic peak velocity, skewness, and kurtosis were 8%, 61%, and 94% higher in men compared to women, respectively. When adjusting by heart rate (Table 5) , aortic peak velocity, incidence, mean, median, and standard deviation showed significant differences.
Velocity Magnitude Distribution: Study Repeatability
A repeatability test for all velocity distribution descriptors showed good agreement between studies, as shown by Bland-Altman plots (Fig. 9) . Aortic segmented volume agreement was -6.84 6 27.08 cm 3 , limits of agreement: -59.91 to 46.24 cm 3 . Absolute errors between studies were: volume 5 13 6 9%, incidence 5 24 6 14%, mean velocity 5 13 6 11%, median velocity 5 13 6 11%, velocity standard deviation 5 11 6 10%, skewness 5 21 6 13%, and kurtosis 5 19 6 14%.
Discussion
This study investigated the age-and gender-related changes of velocity magnitude distribution within the entire volume of the thoracic aorta and demonstrated that: 1) aortic peak velocity and normalized ascending aortic diameter showed significant changes from childhood to adulthood; 2) aortic velocity magnitude distribution descriptors (incidence, mean, median, standard deviation, skewness, and kurtosis) can differentiate hemodynamic changes across a wide range of ages; 3) gender significantly influences aortic velocity magnitude distribution (skewness and kurtosis) in the thoracic aorta despite similar normalized ascending aortic diameter; 4) adjustment of velocity magnitude distribution descriptors for heart rate may be pertinent to account for its potential mutual dependence as a confounding factor.
Current guidelines for the evaluation and follow-up of thoracic aorta diseases recommend the measurement of aortic diameters at specific anatomic landmarks location and transvalvular aortic peak velocity using 2D planes. 6, 7 However, age and gender are closely related to these basic metrics along with height, weight, and BSA, which are also important prognostic indicators that need to be taken into account in the evaluation of disease progression and outcome. 33, 34 As our study has shown, differences in ascending aortic diameter, aortic valve peak velocity, and velocity magnitude distribution along the thoracic aorta exist through age range and gender. The 2D analysis strategy often results in underestimation of maximal aortic diameter and aortic valve peak velocity values due to location variability between observers. 11, 12 In our study, 1) a 3D PC-MRA segmentation FIGURE 6: Comparison of age groups for aortic peak velocity magnitude, normalized aortic diameter, skewness and kurtosis. Outliers, circles, were defined by 1.5 3 interquartile range. Extreme values, stars, were defined by 3 3 interquartile range. †: Black (P < 0.05) and red (P < 0.001) as compared with group 1 (9-15 years). ‡: Black (P < 0.05) and red (P < 0.001) as compared with group 2 (16-20 years). &: Black (P < 0.05) and red (P < 0.001) as compared with group 3 (21-39). *: Black (P < 0.05) and red (P < 0.001) as compared with group 4 (40-59 years).
was used to automatically calculate and find the maximal aortic diameter in the ascending aorta, and 2) masked velocity magnitude MIPs were used to better assess aortic valve peak velocity and to provide a visual impression of flow patterns. The systematic analysis of velocity magnitude distribution over the entire aorta provided new metrics for characterizing flow behavior in healthy subjects across age and gender. Automation of velocity distribution analysis may facilitate its application in multisite studies. Study repeatability showed a good agreement between studies. However, absolute error showed differences from 11-24%. These variations can be explained by the absolute error of the segmented volume, here 13%. Smaller absolute error between segmentations led to smaller absolute error in a previous study for velocity distribution descriptors, an absolute error of the segmented volume 5 4% led to absolute errors from 2-7%. 14 The average aortic diameters found in this study are comparable to previous studies; men showed larger aortic dimensions than women. [17] [18] [19] 35, 36 After normalizing ascending aorta diameter by BSA, no significant difference was observed between gender for the current cohort. Aortic geometry and aortic tissue properties (compliance and elasticity) are influenced by age, 21 which explains the positive linear regression found between age and aortic size. A square root regression was used to better characterize the physiological association of normalized aortic diameter and age in children and adults. Unlike aortic diameter, few studies have investigated the age-and gender-related changes in aortic velocity. One of the first investigations employed 2D PC-MRI in healthy controls to assess pulse wave velocity in the thoracic aorta, demonstrating that mean aortic velocity decreased with age. 22 A similar trend was found for peak velocity using a sagittal 2D analysis plane through the aorta with three-directional velocities. 10 In our study, aortic valve peak velocity was obtained from velocity magnitude MIPs in a sagittal projection of 4D flow MRI data. Van Ooij et al 26 applied a similar MIP approach to measure aortic valve peak velocity and found a similar positive trend with age. Velocity magnitude distribution analysis over the entire volume of the aorta allowed a more detailed and extended interrogation of blood flow hemodynamics. We used statistical descriptors of the velocity magnitude histogram (ie, mean, median, standard deviation, skewness, and kurtosis) to show significant associations with age in comparison with aortic valve peak velocity magnitude. Of interest, the orientation and shape of the histogram, as quantified by skewness and kurtosis, showed the most significant associations with age. Skewness and kurtosis descriptors may provide further details of flow behavior changes due to aging, independent of aortic tissue properties and dimensions. The systematic velocity magnitude distribution analysis of 4D flow data may allow the creation of reference spider plot charts Adjusted results by heart rate presented using mean 6 standard error.
identifying the pathologic variations from hemodynamic characteristics due to age and gender, and indicating the importance of age-and gender-matched control cohorts for the assessment of cardiovascular disease. Recent studies showed the usefulness of distribution analysis in aortic diseases, 14 intracranial hemodynamics, 15 and on atrial hemodynamics in patients with atrial fibrillation. 16 Our study has the limitation that volunteers were enrolled based on an oral interview and no further examination was performed to discard undeclared cardiovascular risk factors such as high LDL cholesterol, low DHL cholesterol, high blood pressure, family history, diabetes, and smoking. Obesity and overweight may be also a risk factor. The main limitations of velocity magnitude distribution analysis may be the quality of the acquisition (eg, velocity encoding selection, signal-to-noise ratio), preprocessing parameters (eg, applied filters, flow corrections), and quality of 3D PC-MRA segmentation. Velocity magnitude distribution analysis required a sensitivity analysis to define the fraction of velocity voxels, included in the normalized histograms, detecting significant differences between groups. Spatial resolution showed an important variation considering the BSA differences between the pediatric and adult population (26% higher in adults). Group 1 (9-15 years) and group 5 (>60 years) were smaller in comparison with other groups. A previous study demonstrated that spatial resolution variations, in a ratio 1:3, may lead to differences <2% in velocity magnitude distribution parameters.
14 Velocity encoding was the same (Venc 5 1.5 m/s) in all subjects. In our study, subjects were scanned using scanners at 1.5T and 3T. Strecker et al demonstrated that 3T strength improves the 3D PC-MRA, which was used for segmentation of the aorta, and no statically significant difference were found for systolic peak velocity (0.005 m/s, P 5 0.40) and net flow (3 mL/cycle, P 5 0.39) measurements as compared with 1.5T. 37 4D flow MRI and standard 2D phase-contrast temporal resolution may miss the "true" peak velocity as compared with Doppler echocardiography, which is the clinical gold standard. 6 In addition, 4D flow MRI time frames are limited by heart rate, which justifies the adjustment of velocity magnitude distribution analysis descriptors when comparing groups. Further studies with a larger number of subjects and pathologies are needed to confirm the association of velocity magnitude distribution descriptors with patient prognosis.
In conclusion, aortic hemodynamics significantly change with age, affecting the aortic velocity magnitude distribution as depicted by incidence, mean, median, standard deviation, skewness, and kurtosis. Despite having similar normalized ascending aortic diameter dimensions, velocity magnitude distribution in the aorta (ie, skewness and kurtosis) was different between gender. The systematic velocity magnitude distribution analysis of 4D flow data may identify pathologic variations, differentiating such changes from hemodynamic characteristics due to age and gender, and indicating the importance of age-and gender-matched control cohorts for the assessment of cardiovascular disease on aortic blood flow.
